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First-principles study of the origin of alkali promotion of
reactivity of metal surfaces.
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Alkali metals are known as efficient promoters in heterogeneous catalysis but the
nature of this phenomenon is as yet not understood. Our first principles calculations
reveal a huge increase and delocalization of the isoelectronic reactivity index of Cu
and Pd surfaces on alkali adsorption. We trace this phenomenon to an unusual
feature in the surface potential formed by the adsorbate and propose it as a driving
force for the ”promotion effect”. Our results also provide clues to some of the unusual
optical properties of quantum wells formed when alkali adsorb on Cu surfaces.
Adsorption of alkali metals on transition or noble metal surfaces dramatically changes
properties of the latter making these systems the subject of extensive studies in areas ex-
tending from fundamental physics to chemical engineering. First, alkalis work as efficient
promoters in heterogeneous catalysis, as their small amount adsorbed on a catalyst surface
substantially enhances the latter’s reactivity. The global character of the promotion effect
of alkali metal is also impressive. The enhancement of reactivity under alkali adsorption
has been reported for such varied catalysts as noble metals (Ag, Cu), transition metals with
varying number of valence d-electrons (Fe, Co, Ni, Pt, Pd, Ta, Rh, Ru) and, oxides like
FeO1,2,3,4. The effect extends to various types of reactions, such as dissociation of O2, NO,
N2 and CH4, oxidation of CO, and methanol synthesis
1,2,3. Comprehending the nature of
the change produced by alkali adsorption is thus essential for facilitating the design of new
and efficient catalysts. In addition to the effect on surface reactivity, the formation of quan-
tum wells has been observed on Na and Cs adsorption on Cu(111)5,6,7. For the Cs/Cu(111)
system, extremely long-lived excited states have also been reported8,9. An understanding
of these phenomena is important because of their impact on processes such as vibrational
excitations, surface scattering, and photochemical reactions. The quantum-well states may
well modify surface reactivity which brings us back to issues in catalysis.
2Since catalytic processes are driven by the modification of chemical bonds and electronic
charge transfer, understanding of their enhancement naturally entails examination of the
electronic structure of catalyst surfaces. An important clue from experimental finding is
that alkali adsorption on metal surface causes a significant reduction of its work function,
as reported for Na and Cs adsorbed on Ru(0001)10, K on Pt(111)11, K on Rh(100), and
Na on Cu(110)12. To explain the correlation between the promotion and reduction of the
work function, it has been suggested that by bringing the Fermi level (EF ) closer to the
vacuum energy, alkali metals facilitate charge transfer between the reactant and the catalyst
surface, thereby enhancing reactivity1,13. There are also assumptions that alkali promote
reactivity through depopulation of surface states14 and that reduction of work function upon
alkali adsorption causes ”some long-range perturbation” to the electronic structure, which
strongly affects surface reactivity15. Another approach focuses on the electrostatic interac-
tion between the reactants and the adsorbed alkalis16. In a more recent development17, the
proposed rationale is that the adsorbed alkalis deplete the electric field caused by the surface
barrier, leading to a reduced interaction of the reactant dipole moments with this field and
subsequent enhancement of their reactivity. There are thus indications that alkalis promote
surface reactivity either through change in the surface potential itself, or through modifi-
cation of the electronic states around the surface induced by that change in the potential.
While these intuitive arguments have been very helpful in focusing the discussion on the
subject, they have stopped short of establishing the microscopic mechanisms responsible for
reactivity enhancement.
There are also other models of surface reactivity that, to our knowledge, have not yet been
applied to the issue of alkali adsorption problem. Some of them correlate surface reactivity
to the local densities of electronic states (LDOS) of surface atoms, more specifically, to
LDOS at the Fermi-level (N(EF ))
18 or to the energy of the center of the local d-band19.
Others originate from the theory of chemical reactivity of molecules21 that characterizes
the reactivity by the local softness function s(r)22 which is a measure of the electronic
response to the change in the number of electrons in the system. In the context of metal
surfaces s(r) can be regarded as the electronic response to N(EF )
24. Related to s(r), but
more easily tractable from first principles calculations, is the isoelectronic reactivity index
3wN(r)20 written as
wN(r) =
1
k2Tel
[
∂ρ(r, Tel)
∂Tel
]
V (r),N
≈
ρ(r, Tel)− ρ(r, 0)
(kTel)2
(1)
Here ρ is the electronic density, V (r) denotes an external potential, N is the number of
electrons in the system, k is the Boltzmann’s constant and Tel is the electronic temperature.
An increase in Tel from ”0” to a finite value creates electron-hole pairs with the Fermi-Dirac
distribution. These excitations cause an electronic density variation which is reflected in
the last term of Eq. (1). If we treat the changes in Tel as a uniform perturbation, w
N(r)
is then the electronic density response to such a perturbation. To establish the validity of
wN(r) as a measure of reactivity, it was shown20 that for Pd(100) the spatial distribution
of wN(r) allows rationalization of the preferred dissociation path for H2 and the preferred
chemisorption sites for H adatoms, in good agreement with the results of first principles
calculations24.
In the present paper, we show for the first time that alkali adsorption leads to a giant
increase and delocalization of wN(r) towards the vacuum. We further show that this phe-
nomenon is caused by an unusual feature in the surface potential formed by the adsorbates
which we propose to be the driving force for the alkali ”promotion effect”.
Our calculations are based on density functional theory in the local density approxima-
tion. To attest to the generality of the phenomenon, we present results for two prototype
metal surfaces chosen because of their obvious differences in d-band fillings. To calculate the
electronic structure, surface potential and wN(r) of clean and adsorbate covered Pd(111)
and Cu(111) we use the full-potential linearized augmented plane wave (FLAPW) method25
as embodied in the Wien2k code26. We mimic the surface system with a supercell consisting
of 8 atomic layers of Cu or Pd and 11 A˚ thick vacuum. In the case of systems with adsor-
bates, we use a two-dimensional (2x2) unit cell consisting of four metal atoms per layer plus
one alkali at the three-fold fcc hollow site on each side of the slab, corresponding to 0.25
monolayer coverage. A fragment of the surface with the adsorbate is shown in Fig. 1. Pre-
vious calculations have shown this to be the preferred adsorption site. Good convergence in
the calculated total energy is obtained by sampling 25 k-point mesh in the two dimensional
surface Brillouin zone and the basis cutoff at RKmax = 7. The exchange-correlation part of
the potential is calculated in the local density approximation within the density functional
theory27. The wN(r) function is calculated for Tel = 0.01Ry.
4Our calculations indicate that LDOS of the surface Pd atoms are practically not changed
upon alkali adsorption. Within the FLAPW method LDOS represent electronic states lo-
cated inside muffin-tin (MT) spheres. These are mostly d-states in the cases of Pd and Cu.
We can thus conclude that the alkali adsorption does not affect the localized d-state of the
metal surfaces. In contrast to the effect on the LDOS, the impact of K on the isoelectronic
reactivity of the surfaces is found to be dramatic. Fig. 2 shows wN(r) plotted for Pd(111)
and K0.25/Pd(111) along the plane perpendicular to the surface. The projection of this
plane is shown in Fig. 1. Adsorption of potassium induces a huge increase in wN(r) and
its delocalization towards vacuum. Interestingly, the effect is present not only around the
adsorbate atom, but also for the entire surface area. A similar and even larger effect is found
for a 0.25 monolayer of Na on Cu(111). The effect can be illustrated more quantitatively
in the one-dimensional plots of wN(r). The wN(r) for both systems, plotted along the sur-
face normal passing fcc hollow site, which is maximally distant from the adsorbate atoms,
is presented in Fig. 3. On the clean metal surface wN(r) decays rapidly, whereas, upon
alkali adsorption, it is both enhanced and delocalized over 2 – 4 A˚ away from the surface.
This remarkable behavior of wN(r) implies that alkali adsorption dramatically increases the
density of low-energetic excited states in the vacuum region in the vicinity of the surface
facilitating an increase in surface reactivity.
For insights into the microscopic basis for these dramatic effects we have calculated the
total self consistent potential for the surfaces under consideration. One-dimensional plots of
the potentials in Fig. 4 testify to a reduction of the potential barrier at the surface which
further manifest itself in the well-known decrease in the work functions for Pd(111) and
Cu(111). What is indeed very intriguing and novel is that instead of an expected simple
reduction of the barrier, alkali adsorbates also form a groove-like or plateau-like region of
further reduced potential in the vicinity of the surfaces. Since this feature is energetically
located around EF , it leads to delocalization of the low energy electronic excitations. Bearing
in mind that wN(r) characterizes the density of these excitations, we can conclude that the
striking features in the surface potential are responsible for the characteristics found here
for wN(r) which in turn is a measure of the surface reactivity. It is important to note that
we find the increase in wN(r) for metals as varied as Cu with almost completely occupied
d-band and low N(EF ), and for Pd which has partially empty d-band and very high N(EF ).
It is thus reasonable to expect that the phenomenon is a general characteristic for most
5metals. This is in agreement with the observation that alkalis promote reactions on metals
with differing number of d-electrons, as mentioned earlier.
The novel features in the surface electronic structure found here, may also have other
consequences. For instance, the delocalization of wN(r) creates an unusual condition in
which entire reactant molecule (like CO) may be ”wrapped” with low-energy electronic
excitations. Thus, the surface may affect the reactant not only through direct surface-
reactant chemical bonds, but also through modification of the character of intra-molecule
bonds caused by these excitations. Increasing the electronic response, they may also lead to
vibrational softening. Since the excitations are substantially extended toward vacuum, they
should affect the behavior of approaching reactant well before it forms a chemical bond with
the surface atoms. The character of the reactant-surface interaction may thus be modified
at the early stages of adsorption bringing about changes in the physisorption energetics.
In the same spirit, the groove-like or plateau-like features of the potential revealed in our
calculations create wide regions in the vicinity of the surface with almost zero electric field
which may provide the rationale for the promotion mechanism proposed in Ref.17 (see above).
Our findings are also relevant to the unusually long-lived excited states observed for
Cu(111) with adsorbed alkalis7,8,28 which have been proposed to be the result of the strong
polarization of the anti-bonding adsorbate states away from the surface, thereby reducing the
probability of transition between them and the quantum well surface states9,28. The potential
well outside the surface found in our calculations could be the basis for this polarization.
Interestingly, single-electron calculations overestimate lifetime of these excited states and
good agreement between the calculated and observed lifetime is obtained only if a strong
electron-electron interaction is assumed7. It has been suggested that this electron-electron
interaction is the result of enhanced electronic screening outside of the surface. Since wN(r)
characterizes the electronic response (electronic susceptibility of the system), its high value
and delocalization found in our work is evidence that the screening outside the surface is
indeed strong.
In summary, our calculations reveal a giant increase and delocalization of the isoelectronic
reactivity index of the metal surfaces upon alkali adsorption which we propose to be the
driving force for the well-known alkali ”promotion effect”. We find that the phenomenon
is accompanied by a groove-like or plateau-like feature in the surface potential formed on
the alkali adsorption. Our findings also provide the rationale for the unusually long-lived
6excited states observed for Cu(111) with adsorbed alkalis. The phenomenon is also expected
to be a general characteristic of alkali adsorption on metal surfaces, as exemplified in this
work through the application to two very different metal surfaces.
Acknowledgments
We thank G. Ertl for helpful discussion, and acknowledge financial support from DOE
under grant No. DE-FGO3-03ER15464.
1 G. Ertl, M. Weiss, S. Lee, Chem. Phys. Lett. 60, 391 (1979).
2 L. J. Whitman, W. Ho, J. Chem. Phys. 89, 7621 (1988).
3 A. Cupolillo, G. Chiarello, V. Formoso, D. Pacile, M. Papagno, F. Veltri, E. Colavita, L.
Papagno, Phys. Rev. B 66, 233407 (2002).
4 M. Maack, et al., Top. Catal. 22, 151 (2003).
5 S. A˚. Lindgren, L. Wallden, Phys. Rev. Lett. 59, 3003 (1987).
6 J. M. Carlsson, B. Hellsing, Phys. Rev. B 61, 13973 (2000).
7 E. V. Chulkov, et al., Phys. Rev. B 68, 195422 (2003).
8 S. Ogawa, H. Nagano, H. Petek, Phys. Rev. Lett. 82, 1931 (1999).
9 A. G. Borisov, et al., Phys. Rev. Lett. 86, 488 (2001).
10 G. Pirug, C. Ritke, H. P. Bonzel, Surf. Sci. 257, 50 (1991).
11 M. Kiskinova, G. Pirug, H. P. Bonzel, Surf. Sci. 133, 462 (1983).
12 J. Lehmann, P. Roos, E. Bertel, Phys. Rev. B 54, R2347 (1996).
13 H. P. Bonzel, J. Vac. Sci. Technol. A 2, 866 (1984).
14 E. Bertel, P. Roos, and J. Lehmann, Phys. Rev. B 52, R14384 (1995).
15 J. K. Brown, A. C. Luntz, and P.A. Schultz, J. Chem. Phys. 95, 3767 (1991).
16 N. D. Lang, S. Holloway, and J. K. Nørskov, Surf. Sci. 150, 24 (1985).
17 J. J. Mortensen, B. Hammer, J. K. Nørskov, Phys. Rev. Lett. 80, 4333 (1998).
18 P. J. Feibelman and D. R. Hamann, Phys. Rev. Lett. 52, 61 (1984).
19 B. Hammer, Y. Morikawa, and J. K. Nørskov, Phys. Rev. Lett. 76, 2141 (1996).
20 S. Wilke, M. H. Cohen, M.Scheffler, Phys. Rev. Lett. 77, 1560 (1996).
721 R. G. Parr, W. Yang, Density functional theory of atoms and molecules (Oxford University
Press, New York, 1989).
22 R. G. Pearson, Science 151, 172 (1966).
23 M. H. Cohen, M. V. Ganduglia-Pirovano, J. Kudrnovsky, Phys. Rev. Lett. 72, 3222 (1994).
24 S. Wilke, M. Scheffler, Phys. Rev. B 53, 4926 (1996).
25 D. Singh, Planewaves, pseudopotentials and the LAPW method, (Kluwer Academic Publishing,
1994), ISBN 0-7923-9421-7.
26 P. Blaha, et al., WIEN2k, An Augmented Plane Wave + Local Orbitals Program for Calcu-
lating Crystal Properties (Karlheinz Schwarz, Techn. Universita¨t Wien, Austria) 2001. ISBN
3-9501031-1-2.
27 J. P. Perdew, Y. Wang, Phys. Rev. B 45, 13244 (1992).
28 M. Bauer, S. Pawlik, M. Aeschlimann, Phys. Rev. B 55, 10040 (2002).
I. FIGURE CAPTIONS
Fig. 1. (Color online) Top view of the A0.25/M(111) surface (A=Na, K; M=Cu,Pd). The
large balls represent alkali atoms, small dark balls are for the first layer M atoms and small
grey balls are for the rest of the M atoms. The dashed line represents the projection of the
plane along which wN(r) is plotted in Fig. 3.
Fig. 2. (Color online) Plot of wN(r) for clean Pd(111) (left panel) and for K0.25/Pd(111)
(right panel) along the plane perpendicular to the surface. Pd1 mark the positions of
the topmost Pd atoms and K that of potassium atoms. The white area corresponds to
wN(r) = 0.
Fig. 3. Plot of wN(r) along the surface normal. The upper panel shows wN(r) for
Pd(111) (dashed line) and K0.25/Pd(111) (solid line). The lower panel shows w
N(r) for
Cu(111) (dashed line) and Na0.25/Cu(111) (solid line).
Fig. 4. The self consistent total potential plotted along the surface normal. The upper
panel displays the potential for Pd(111) (dashed line) and K0.25/Pd(111) (solid line). The
lower panel provides the same for Cu(111) (dashed line) and Na0.25/Cu(111) (solid line).
Arrows indicate the heights of the alkali atoms.
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